A group of non-ribosomally produced antimicrobial peptides, the tyrocidines from the tyrothricin complex, have potential as antimicrobial agents in both medicine and industry. Previous work by our group illustrated that the more polar tyrocidines rich in Trp residues in their structure were more active toward Gram-positive bacteria, while the more non-polar tyrocidines rich in Phe residues had greater activity toward Plasmodium falciparum, one of the major causative pathogens of malaria in humans. Our group also found that the tyrocidines have pronounced antifungal activity, dictated by the primary sequence of the tyrocidine. By simply manipulating the Phe or Trp concentration in the culture medium of the tyrothricin producer, Bacillus aneurinolyticus ATCC 10068, we were able to modulate the production of subsets of tyrocidines, thereby tailoring the tyrothricin complex to target specific pathogens. We optimized the tailored tyrothricin production using a novel, small-scale, high-throughput deep 96-well plate culturing method followed by analyses of the peptide mixtures using ultra-performance liquid chromatography linked to mass spectrometry. We were able to gradually shift the production profile of the tyrocidines and analogues, as well as the gramicidins between two extremes in terms of peptide subsets and peptide hydrophobicity. This study demonstrated that tyrothricin peptide subsets with targeted activity can be efficiently produced by simple manipulation of the aromatic amino acid profile of the culture medium.
INTRODUCTION
Since the advent of antimicrobial use, there has been a progressive increase in drug resistance toward conventional antibiotics. This has instigated the search for an alternative class of antimicrobial agents with novel mechanisms of action and rare resistance (Brown & Wright, 2005) . Antimicrobial peptides are potential candidates with membrane-linked mechanisms of action as well as possible cellular targets (Brown & Wright, 2005) . Their rapid membranolytic activity reduces the likelihood of resistant mutants developing. Furthermore, reduced toxicities of the antimicrobial peptides through greater selectivity toward the more negatively charged bacterial cell membrane allow them to discriminate between pathogen targets and the neutral membranes of plants and animals (Javadpour et al., 1996; Matsuzaki et al., 1991 Matsuzaki et al., , 1995 Qin et al., 2003) . Consequently, antimicrobial peptides show potential in the development of therapeutic agents to treat resistant strains of pathogenic microorganisms or to serve as bio-pesticides and preservatives (Brul & Coote, 1999; Cleveland et al., 2001; Keymanesh et al., 2009) .
A major limitation to the large-scale use of antimicrobial peptides has been the cost and efficiency of their production (Bradshaw, 2003; Gordon et al., 2005; Marr et al., 2006; Yeaman & Yount, 2003) . Automated chemical synthesis to produce antimicrobial peptides remains very costly (Hancock & Lehrer, 1998; Hancock & Sahl, 2006; Marr et al., 2006) , while use of transgenic organisms for the production of antimicrobial peptides, either directly (De Bolle et al., 1996; François et al., 2002; Yarus et al., 1996) or as fusion proteins (Lee et al., 2000; Li, 2011; Moon et al., 2007) , is limited to ribosomally produced antimicrobial peptides. Our attention has turned to a group of nonribosomal antimicrobial peptides, the tyrocidines, which in the tyrothricin complex were the first antibiotics in clinical use (Dubos & Cattaneo, 1939; Dubos, 1939) , although their use was limited to topical applications due to observed haemolytic toxicity (Rammelkamp & Weinstein, 1942; Rankin, 1944; Robinson & Molitor, 1942) . The production of non-ribosomal peptides such as the tyrocidines by recombinant technology is, however, much more challenging. The vast majority of the work on the synthesis of non-ribosomal peptides has arguably been done on the peptide surfactin, a promising biosurfactant (Arima et al., 1968; Desai & Banat, 1997) and antimicrobial lipopeptide produced by Bacillus subtilis (Hiraoka et al., 1992; Huang et al., 2011; Sandrin et al., 1990) . Efforts to increase surfactin production have included the alteration of growth medium composition, environmental factors, product removal (Cooper et al., 1981; Ohno et al., 1995; Sheppard & Mulligan, 1987) and the addition of carriers to the growth medium (Drouin & Cooper, 1992; Yeh et al., 2005) . Genetic manipulation of B. subtilis has shown some success via the induction of random mutations (Gong et al., 2009; Liu et al., 2006; Mulligan et al., 1989) as well as recombinant technology (Ohno et al., 1992) .
The peptides in the tyrothricin complex, the basic tyrocidines and neutral gramicidins Tang et al. 1992 ) (refer to Table 1), are produced by a series of multi-domain enzymic peptide synthetases that are encoded by the tyrocidine biosynthesis operon (Mootz & Marahiel, 1997) or gramicidin biosynthesis operon, respectively (Kessler et al., 2004) . Most of the understanding of the genetic control of tyrocidine production has been garnered from expression systems in B. subtilis (Marahiel et al., 1987; Mootz & Marahiel, 1997) , as the tyrocidine producer strain Bacillus aneurinolyticus, previously known as Bacillus brevis (Dubos, 1939) , has been found to be genetically less accessible (Marahiel et al., 1987) . Whilst a truncated dipeptide version of the tyrocidines has been produced successfully in Escherichia coli through the recombinant expression of the first two modules of the tyrocidine biosynthesis operon (Gruenewald et al., 2004) , the synthesis of a complete tyrocidine peptide in a recombinant organism is yet to be achieved.
Employing recombinant technology to improve tyrothricin production may not be necessary, as high natural production of tyrothricin has been achieved by several investigators (Appleby et al., 1947a, b; Baron, 1949; Lewis et al., 1945; Stokes & Woodward, 1943) , including our group. The tyrocidines, as well as their structural analogues the tryptocidines and phenycidines (Table 1) , are produced primarily during the late exponential growth phase by B. aneurinolyticus Dubos & Cattaneo, 1939; Dubos, 1939; . The conditions that govern tyrocidine production by B. aneurinolyticus relate to nitrogen, such as urea (Baron, 1949) and amino acid (Mach & Tatum, 1964; Ruttenberg & Mach, 1966; Stokes & Woodward, 1943) supplementation, and carbon nutrition (Stokes & Woodward, 1943) . Whilst shifts in tyrothricin production have been reported in the literature (Mach & Tatum, 1964; Ruttenberg & Mach, 1966) , the exact nature and control of this shift in antimicrobial production remain to be elucidated. Furthermore, Stokes & Woodward (1943) have reported an inhibition of tyrothricin production with the supplementation of certain amino acids to the culture medium. These studies have largely focused on total tyrothricin production and not the identity of the specific antimicrobial peptides produced.
These cationic tyrocidines and their analogues in the tyrothricin complex have a fairly conserved cyclic decapeptide structure (Table 1) , containing one pentapeptide repeat of gramicidin S (GS) (Paladini & Craig, 1954; Ruttenberg et al., 1965) . Variations are mainly in the variable pentapeptide moiety at the aromatic dipeptide unit containing Trp and/or Phe or at the third variable aromatic residue (generally Tyr) (King & Craig, 1955a, b; Mach & Tatum, 1964; Paladini & Craig, 1954; Ruttenberg & Mach, 1966; Ruttenberg et al., 1965; Tang et al. 1992) . However, despite the conserved structures of the tyrocidines, it has been found that specific tyrocidines were more active against certain pathogens. The more polar Trc B and C (Table 1) , containing either Phe and Trp or two Trp residues in the aromatic dipeptide moiety, respectively, are more active against Gram-positive bacteria (Spathelf & Rautenbach, 2009 ). The more non-polar Trc A, containing two Phe residues, is most active against the human malaria parasite Plasmodium falciparum 3D7 (Rautenbach et al., 2007) . Our group also found that the tyrocidines have pronounced antifungal activity, dictated by the primary sequence (Rautenbach et al., 2013) . Whilst previous results on the major tyrocidines are promising, this clearly accentuated the need to elucidate the conditions that would allow for the maximal production of the different coproduced tyrocidines and analogues described previously by Tang et al. (1992) .
The aim of our study was to elucidate the optimal amino acid supplementation for the manipulation of tyrothricin production by B. aneurinolyticus ATCC 10068 to produce pathogen-specific tailored tyrocidine subsets or to produce extracts that could ease the downstream purification of single peptides. We supplemented culture media with selected amino acids central to the production and variability of the different tyrocidines and analogues. A small-scale high-throughput culturing methodology was developed to vary the culture medium concentrations of certain amino acids central to tyrocidine and gramicidin production by the B. aneurinolyticus ATCC 10068 producer strain. The peptide mixtures produced were then analysed using ultra-performance liquid chromatography (UPLC) linked to ES-MS to reveal the antimicrobial production profile of the producer strain as affected by the specific ratio of certain key amino acids in the culture media. Manipulation of tyrothricin production glucose, agar, HCl tryptone soy broth (TSB), LB broth, and the Lamino acids Lys and Arg were from Merck. The L-amino acids Cys, Phe, Tyr and Trp were from Sigma-Aldrich. Sterilization of media was achieved by filtration using either a 0.22 mm sterile bottle top filtration system from Whatman Klari-Flex or sterile syringes and 0.20 mm to 25 mm syringe filters from Lasec (Cape Town, South Africa). GS and a commercially obtained tyrothricin extract (Sigma) were used as positive controls in the antibacterial activity assays. Acetonitrile (HPLC grade, far-UV cut-off) was from Romil. Acquity UPLC BEH C 18 (1.7 mm particle size, 2.1 mm6100 mm) UPLC columns and Nova-Pak C 18 (5 mm particle size, 60 Å pore size 150 mm63.9 mm) analytical HPLC columns were supplied by Waters-Millipore. Analytical-grade water was prepared by filtering water from a reverse osmosis plant through a Millipore-Q water purification system. Pre-culturing of the producer strain. Single colonies of the B. aneurinolyticus ATCC 10068 producer strain were obtained from freezer stocks by culturing using normal sterile techniques on preculture plates (5.0 g peptone, 2.5 g yeast extract, 1.0 g glucose and 1.0 g skimmed milk powder, 15 g agar in 1.0 l water). Single colonies were selected and incubated while shaking at 220 r.p.m. for 24 h at 37 uC in Falcon tubes containing 5 ml TGS (tryptone, glucose and inorganic salts) culture media (Lewis et al., 1945) . Amino acid composition of the tryptone in TGS medium was determined by HPLC using the Pico-Tag method (Bidlingmeyer et al., 1984) (Table  S1 , available in Microbiology Online).
METHODS
Analysis of growth rates of B. aneurinolyticus ATCC 10068. A dilution series of single amino acids (Phe and Trp) ranging from 2.75 Standard one-letter abbreviations for amino residues are used; O, ornithine. D-residues are shown in lower case and variable residues are shown in italics. Sequence data obtained from Tang et al. (1992) and identities were confirmed in our own MS-MS studies [refer to Tables S2-S11 and Spathelf (2010)]. *Monoisotopic m/z; M r. DExperimental M r calculated using the following equation: M r 5(m/z62)-261.007825. dPhc A and Tpc C previously known as tyrocidine E and D, respectively (Tang et al. 1992) . §Named in this study due to the Tyr 7 to Phe 7 modification.
N-terminal residue formylated (HCO).
# C-terminal residue blocked by ethanolamine (NHCH 2 CH 2 OH).
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to 27.5 mM was performed in quintuplicate (n55) in sterile flatbottom microtitre plates. A pre-culture of B. aneurinolyticus was diluted four times into the wells of the microtitre plates using TGS culture media with or without supplemented amino acids at different concentrations. The inoculated plates were incubated at 37 uC and growth was monitored spectrophotometrically (595 nm) every hour for a period of 16 h using a Bio-Rad microtitre plate reader.
Analysis of effect of amino acids supplementation on tyrothricin yield. Concentrations of 5.5, 16.5 and 27.5 mM of amino acids (Phe, Trp, Tyr, Cys, Lys and Arg) were prepared. Triplicate sterile dilutions of the respective amino acids concentrations were performed using TGS culture medium, and the dilutions were inoculated with a pre-culture of B. aneurinolyticus and incubated for 10 days at 37 uC. They were then centrifuged for 5 min at 4500 g, and the cell pellet freeze-dried and weighed. Tyrothricin was then extracted using 50 % acetonitrile, and freeze-dried for determination of crude yield and activity against M. luteus.
Antibacterial activity assays. M. luteus NCTC 8340 was cultured on LB broth to an OD 620 of~0.8 and then subcultured in TSB and grown to an OD 620 of 0.6 for use in dose-response assays. The microtitre broth dilution method described by du Toit & Rautenbach (2000) and Lehrer et al. (1991) was used to test the antimicrobial activity of the peptides. Stock solutions (106) of the analytically weighed tyrothricin extracts and commercial tyrocidine were prepared in 15 % ethanol (v/v) and diluted with media in order to determine activity over a concentration range of 0.8-200 mg ml 21 . All cultures were grown for 16 h at 37 uC in the presence of 1.5 % ethanol (v/v) to compensate for the effect of ethanol in the peptide samples. Growth was measured at 595 nm. The MIC was determined as the first dilution where no growth was detected.
High-throughput deep-well production of tyrothricin. A fourfold dilution of pre-cultured B. aneurinolyticus was prepared using TGS culture medium. Aliquots of 10 ml were pipetted into sterile deep 96-well plates containing 500 ml per well of TGS culture medium supplemented with quadruplicate dilutions (2.75-27.5 mM) of amino acids (Phe, Trp, Tyr, Cys, Lys and Arg). These microtitre plates were subsequently covered and incubated for 96 h at 37 uC.
The cultures in the deep-well plates were then acidified with HCl to pH 4.7 and allowed to stand at room temperature for 24 h. The deepwell plates were subsequently centrifuged for 60 min at 2200 g. The pellet in each well was resuspended in 200 ml of 100 % acetonitrile and sonicated for 15 min. A further 200 ml of analytical-grade water was then added to each well and the microtitre plate was sonicated for a further 15 min followed by centrifugation for 30 min at 2200 g. Thereafter, the respective extracts were pooled in analytically weighed vials and freeze-dried to allow for analytical determination of extract mass and analysis by UPLC linked to ES-MS.
ES-MS and UPLC-MS analysis of tyrothricin extracts. ES-MS was performed using a Waters Quadrupole Time-of-Flight Synapt G2. Samples were dissolved in 50 % (v/v) acetonitrile to 10.0 mg ml 21 , centrifuged at 8600 g for 10 min to remove particulates and then diluted to 1.00 mg ml 21 using analytical-grade water. Injections of 3 ml samples were introduced via a Waters Acquity UPLC into a Zspray electrospray ionization source in positive mode for direct mass analysis. The peptide identities were confirmed with high-resolution MS (Table 1) and sequences via collision-induced dissociation (Tables  S2-S11) . For UPLC analysis, 3 ml samples were separated on an Acquity UPLC BEH C 18 column at a flow rate of 0.450 ml min 21 using a 0.1 % trifluoroacetic acid (A) to acetonitrile (B) gradient (100 % A from 0 to 0.5 min for loading, gradient was from 0 to 58 % B from 0.5 to 12 min and then 58 to 90 % B from 12 to 13 min, column wash was at 90 % B from 13 to 13.5 min, reconditioning was done from 10 to 100 % A from 13.5 to 14 min and then 100 % A from 14 to 17 min). Analytes were subjected to a capillary voltage of 3.0 kV and cone voltages of 15 V at a temperature of 120 uC at the source. Data acquisition was performed by scanning the second analyser (MS 2 ) through the mass/charge ratio (m/z) range of 400-2000. Data were then analysed using TARGETLYNX 4.1 (MASSLYNX mass spectrometry software; Waters).
HPLC analysis of peptide extracts. Extracts obtained in 50 % acetonitrile (1 mg ml 21 , 10 ml injection) were analysed by reversephase HPLC using methodology described previously by Rautenbach et al. (2007) .
RESULTS
Effect of amino acids supplementation on the growth and tyrothricin production of B. aneurinolyticus ATCC 10068
Having established the effects of certain key amino acids on the growth and antimicrobial peptide production of the producer strain, the ability of Phe and Trp, as well as selected amino acids (Tyr, Cys, Lys and Arg), to manipulate antimicrobial production was evaluated. Only supplementation of Phe and Trp had an effect on the tyrothricin production profile; however, these amino acids had a negative impact of the initial growth (primary growth phase) of B. aneurinolyticus ATCC 10068 when compared with growth in normal TGS medium (Table 2, Fig. 1) . A secondary growth phase (diauxie) was observed in cultures where the growth medium was supplemented with Phe and Trp (Fig. 1, Table 2 ). The pronounced inhibitory effect of Trp supplementation on the initial growth was concentration dependent, as is evident from the delayed growth of the producer strain with increasing concentrations of Trp (Table  2 ). This effect, however, was overcome as increased biomass was observed after 96 h (results not shown), which was sustained during the 10 days of culturing (Table 2, Fig. 1 ). In contrast, supplementation with Phe initially only had a slight dampening effect on the growth of the producer strain (Fig. 1) . After 96 h (results not shown) and 10 days (Table  2) , increased biomass was obtained at the higher Phe concentrations.
The relative antibacterial activity of the extracts obtained from the cultures supplemented with increased amino acid concentrations was generally less than that of the commercial tyrothricin extract, as well as that of nonsupplemented control. However, the 5.5 mM Phe and Trp, as well as 16.5 mM Phe, supplementation yielded highactivity extracts, whilst the 27.5 mM Phe-and other two Trp-supplemented cultures showed large decreases in activity despite an increase in the extract masses ( Table 2) .
Manipulation of antimicrobial production of B. aneurinolyticus
Using the novel, small-scale, high-throughput, deep 96-well plate culturing method the producer strain was DAs determined from OD 595 of culture after 16 h at 37 u C; calculated in terms of growth controls. dDetermined after 10 days of cultivation at 37 u C. §Per cent inhibition units (IU) defined as the percentage of the activity against M. luteus in terms of the MIC of commercial tyrothricin at 6.25 mg ml 21 (mean of 12 determinations).
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Microbiology 159 cultured in culture medium supplemented with the selected L-amino acids. The extracts obtained by growing B. aneurinolyticus ATCC 10068 in the TGS medium or Lamino acid-supplemented TGS medium were analysed by analytical HPLC and UPLC-MS (Fig. 2) . In TGS medium the Trc A and B analogues (Ff and Wf) and Orn variants dominated the tyrothricin profile, whilst the Trc C analogue (Ww), Lys variants from the tyrocidine group and VGA from the gramicidin group were also observed in appreciable, but lower amounts (Table 1 ). The Orn variant-dominated production profile was found, regardless of amino acid supplementation. Moreover, the addition of Lys (or Arg) to culture medium did not shift the production profile towards the Lys-containing peptides (results not shown). We did not detect the Lys variants of Tpc A or Tpc C and detected only trace amounts of the Lys variants of Phc A and Tpc B, as well as the Ile variant of gramicidin A and Val-gramicidin B within the extracts. This result may possibly be accounted for when considering the endogenous low levels of the Lys variants and minor gramicidins, as well as the low solubility of gramicidins in polar solvents such as water and 50 % acetonitrile as used in the extraction and UPLC-MS methodology. Due to the extremely low amounts of these and other rare peptides in the extracts, we focused our analyses on the 10 major tyrocidines and analogues, and VGA as representative of the gramicidins, in our global analyses of the tyrothricin production profile.
From all the amino acids tested, only Phe-or Trpsupplemented cultures significantly altered the antimicrobial production profile of the producer strain relative to the non-supplemented control (Fig. 3) . According to the amino acid analyses of tryptone used in our media, the TGS medium contained 3.4 mM Phe and 1 mM Trp in free form, and 1.9 mM Phe and 0.2 mM Trp in the lessavailable peptide/protein form (Table S1 ). A complete shift of the antimicrobial peptide production profiles occurred at the pivotal supplement concentrations of 5.5 mM Phe (total 10.8 mM Phe in medium) and 11 mM Trp (total 12.2 mM Trp in medium) (Fig. 4) . Phe supplementation shifted the antimicrobial production profile toward the production of the Trc A analogues (denoted Ff), while VGA production was concomitantly inhibited with increasing concentrations of Phe (Fig. 4a ). This correlated with the antibacterial activity of the 10 day extracts, as at the supplementation concentration of 5.5 mM Phe, the extract yielded an MIC of 3.125 mg ml
21
, a higher activity than the growth control extract and commercial tyrothricin. However, at the highest Phe concentration of 27.5 mM, a reduction in activity was observed (fourfold increase in the MIC), as well as a decrease in activity units. In contrast, Trp supplementation shifted the antimicrobial production profile towards the production of the Trc C analogues (denoted Ww), as well as increasing VGA production (Fig. 4b) . Trp supplementation led to a reduction in antimicrobial activity with increased Trp concentrations. The 5.5 mM Trp-supplemented culture extract yielded a MIC of 6.25 mg ml 21 equivalent to that of both the controls. However, the MIC doubled with the extracts from 16.5 and 27.5 mM Trp supplementation, correlating with the reduced activity units of 62 % and 10 %, respectively (Table 2) .
Having established the effect on the antimicrobial production profile of the producer strain through supplementation of the growth media with both Phe and Trp alone, the effect of supplementation with different combinations of Phe and Trp was evaluated. The concentration of supplemented Phe was varied from 2.75 to 27.5 mM, together with fixed concentrations of Trp of 5.5, 11 or 16.5 mM, respectively (Fig. 5) . Supplementation with a combination of Phe together with Trp led to a shift in the antimicrobial peptide production profile toward predominantly the Trc B Manipulation of tyrothricin production analogues. A supplement concentration of 5.5 mM Trp led to domination of the Ww subset, with the Ww to Wf analogue shift observed with addition of 2.5 mM Phe, Wf to Ff at 11 mM Phe, and only at 27.5 mM Phe did the Ff subset equal the Ww subset (Fig. 5a ). As expected, these shifts in antimicrobial peptide subset production only occurred at much higher concentrations of Phe when higher Trp concentrations were supplemented in the media (Fig. 5b, c) .
When all the Trp and Phe supplementation data and total concentrations of these amino acids in the media were considered in combined graphs (Fig. 6a, b) , the production trends again showed that~75 % Phe (,0.2 Trp : Phe) was needed for Ff .Ww and .80 % Phe was needed for Ff .Wf. The Wf subset was sensitive to the Phe and Trp contribution and dominated only in the narrow 60-80 % Phe concentration range (Fig. 6) . Conversely, a .40 % Trp contribution or a ratio of Trp : Phe .0.8 led to the dominance of the Trc C analogues (Ww), at the expense of both the Trc A (Ff) and B (Wf) analogues (Fig. 6 ). VGA production increased initially, following the Trc C analogue increase, but then the VGA concentration remained relatively constant with increasing Trp contribution (results not shown).
DISCUSSION
Two key amino acids (Phe and Trp) had a major effect on the growth and total tyrothricin production. The diauxic growth observed in the cultures supplemented with amino acids is similar to that observed by Vandamme & Demain (1976) in B. brevis ATCC 9999, the GS producer strain. They found B. brevis initially grew at the expense of amino acids supplemented in the growth medium; only after a diauxic lag was the available carbon source utilized and antimicrobial peptide production initiated.
The initial lag in the growth of the cultures supplemented with Trp which was far less evident in the Phesupplemented cultures may possibly be due to the toxic effects of Trp, which were overcome over an extended growth period. Stokes & Woodward (1943) reported an inhibition of tyrothricin production in submerged, aerated cultures supplemented with 0.5 % (w/v) of Trp, which equated to a molar concentration of 24.5 mM. In the present study, biomass production was initially lower, but this was overcome after 96 h of culturing where biomass and extract masses were similar to that of the control after analogues with an inverted aromatic dipeptide unit (Trc B9 and B 1 9, respectively). Details of the primary structures are given in Table 1 .
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the culmination of the culturing period at 10 days (Table  2) . However, if the antimicrobial activity determined in the 27.5 mM Trp extract is considered, our results correlate well with those of Stokes & Woodward (1943) . In contrast, the antimicrobial activity in the extracts of all the Phesupplemented cultures was particularly high, directly correlating with the good biomass yields.
Analysis of the tyrothricin extracts by UPLC-MS revealed only Phe and Trp supplementation significantly altered the tyrothricin production profile B. aneurinolyticus. These results are similar to those of Demain & Matteo (1976) who found that Phe did not stimulate growth, but it did stimulate GS production in B. brevis ATCC 9999 by acting as a precursor for the initiation module, which is similar to the module for tyrocidine initiation. In contrast, we found Phe supplementation stimulated growth and also production of Ff tyrocidine subsets more than the linear gramicidins (i.e. VGA) in B. aneurinolyticus (Table 2 , refer to Fig. 4 ). In the non-supplemented culture medium the Manipulation of tyrothricin production producer strain predominantly produced Trc A and B analogues as well as low levels of VGA. Supplementation of the growth medium with either Trp or Phe above the pivotal concentrations of 5.5 and 11 mM, respectively, shifted the antimicrobial production profile between two extremes of the Phe-containing peptides and Trp-containing peptides (Fig. 4) . for all (two opposing sigmoidal curves were fitted to Wf in b), except for Wf in (a) where only a third-order polynomial could be fitted.
by Ruttenberg & Mach (1966) , but also the production of gramicidin A, which also contains a Trp in the variable aromatic residue position (Figs 2, 3 and 4).
Supplementation of both Trp and Phe led to a major loss in the peptides with high Phe content at .20 % Trp in supplement, and peptides with both Trp and Phe in their structure (Wf, Trc B analogues) increased as the Trp : Phe ratio approached 1 : 1 (Fig. 6b) . The supplementation of 5.5 mM Trp to the culture medium gave an~55 % molar content of Trp, and hence both the Ww and Wf subsets were produced. Further Trp concentration increase to .60 % Trp led predominantly to the production of the C analogues (Ww) together with the Trp-rich VGA (Figs 5c  and 6a ). These studies also clarify the predominance of Trc A (Ff) and B analogues (Wf) produced by B. aneurinolyticus in the non-supplemented TGS culture medium. The only source of amino acids in the non-supplemented TGS medium is from the trypsin-digested casein in the tryptone added to the media. From the amino acid analysis of the tryptone it was calculated that there was .80 % free Phe molar content in terms of total Trp+Phe concentration in the non-supplemented medium and hence production of the Ff subset (Trc A analogues) predominates, with some Wf subset production. The latter is most probably due to the availability of~100 % free Trp versus 64 % free Phe.
These peptide subset shifts are probably due to a balance between the aromatic amino acid affinity of the peptide synthetases and increased availability of Phe or Trp. Mootz & Marahiel (1997) found the adenylation domain of the related tyrocidine producer strain B. aneurinolyticus ATCC 8185, responsible for incorporation of either Phe or Trp at position 4, had an affinity approximately fivefold higher for Trp (Mootz & Marahiel, 1997) . Therefore, the proportion of each of the antimicrobial peptides produced due to the incorporation of the variable residues was dependent not only on amino acid availability within the growth media (Ruttenberg & Mach, 1966) and subsequent transport into the cells, but also on the affinity of the peptide synthetases for the respective residues (Mootz & Marahiel, 1997) .
Knowledge of the identity of the different antimicrobial peptides produced under the different conditions also explained the variation in antibacterial activity of our different extracts (Table 2) . Increased Trp supplementation led to not only an increase in the production of the Trc C analogues (Ww), but also that of VGA (Fig. 4b) . Aranda & de Kruijff (1988) reported the disruption of model membranes by the tyrocidines to be antagonized by VGA. Hence, increased VGA production, particularly in the 16.5 and 27.5 mM Trp-supplemented cultures, accounts for the significant loss in activity observed with increasing Trp supplementation (Table 2) .
When considering the Phe-supplemented cultures, both the 5.5 and 16.5 mM Phe extracts showed potent activity that may relate to an optimal Ff to Wf tyrocidine combination and very low VGA in the extracts. However, there was a drop in the extract mass as well as activity with supplementation of 27.5 mM Phe (Table 2) . Spathelf & Rautenbach (2009) reported that the Trc B analogues (Wf) had greater antibacterial activity than the Trc A analogues (Ff). Therefore, the observed loss in activity may possibly be accounted for when considering the shift in antimicrobial production away from the production of a combination of the Trc A (Ff) and B (Wf) analogues at lower concentrations of Phe, toward the sole production of the Trc A analogues at increased Phe concentrations. The drop in extract mass observed at the increased Phe concentration could be due to growth inhibition at high amino acid concentrations or aggregation of the hydrophobic Ff peptides at high concentrations leading to loss during extraction. However, these hypotheses remain to be investigated, as well as possible interactions between the different tyrocidine analogues and VGA, which may affect their activity in extracts.
CONCLUSION
Our studies showed that the availability of the aromatic amino acids, Phe and Trp, had a major role in the highly controlled antimicrobial peptide production profile of B. aneurinolyticus ATCC 10068. We have also demonstrated clearly that selected analogues could be produced by simply changing the availability and ratios of Phe and Trp within the culture medium. From these studies it is possible to design large-scale production cultures to produce tailored antimicrobial peptide complexes such as the Trc B and C analogues targeting Gram-positive bacteria (Spathelf & Rautenbach, 2009) , and Trc A analogues targeting the human malaria parasite, P. falciparum (Rautenbach et al., 2007) .
